optoelectronic performance.
To this end, various crystal-growth techniques have been proposed and developed to date. As a typical example, single crystals such as anthracene and naphthalene were made via well-established techniques, e.g. the zone-melting method and the Bridgman method. More recently, Kloc et al. proposed a crystal-growth method in the vapor phase under a considerably high pressure of environmental gas (such as argon, helium, and hydrogen). [1, 2] That method made accessible large single crystals of the molecular materials. For instance the authors made crystals of α-sexithiophene of ~1 cm in size both in closed and open systems.
On the basis of the above technique, we further tried to improve the high-pressure crystal-growth in the closed system. The point is that since the crystals are grown under a quasi-equilibrium state, the growth can desirably be tuned by e.g. carefully regulating the growth temperature and controlling the gas pressure inside the apparatus. After elaborating some pieces of apparatus of crystal-growth glassware, we found out that the apparatus made of an axially symmetric glass tube (such as a test tube) have given the best results. Thus, we have been successful in preparing crystals of several mm to ~1 cm in size and of optically high transparency.
Meanwhile, we have already reported the ASE from the as-synthesized and melt-recrystallized materials regarding several molecular semiconductors, including oligophenylenes and thiophene/phenylene co-oligomers. [3, 4] The family of these oligomer materials is characterized by the well-defined molecular axes and exhibits various interesting electric transport and light emission features on the basis of the disposition of their axes in thin films and crystals. [5] [6] [7] [8] In particular, the thiophene/phenylene co-oligomers have a variety of extension of π-conjugation along the backbone. The conjugation extension can be tuned by changing the total number of the thiophenes and phenylenes and their mutual arrangement in the molecules. We applied the aforementioned crystal-growth method to some of these co-oligomers and the resulting crystals definitively caused the ASE. In this communication we describe the improved crystal-growth technique and interesting aspects of the self-waveguided ASE. μm. Crystals of about 3 to 5 μm in thickness were selected for the subsequent experiments. Growth conditions for the individual materials are summarized in Table 1 . noted here that the sample crystal was thin enough for a relatively large amount of the incident light to reach and excite the parts near the bottom crystal face because the absorption coefficient of BP1T crystal at 337 nm was about 0.05 μm -1 . This small absorption coefficient will be associated with the fact that the crystal of BP1T is ab-platelet (to which the molecular long axis is vertically disposed). [9] The laser induced self-waveguided emission spectrum at the incident excitation fluence of 5 μJ/cm 2 , which exhibit a broad feature with relatively fine modes superposed on it, was similar to emission spectra under weaker excitation by a monochromatic Xe lamp. These fine modes can be assigned to the vibronic structures that are frequently observed in solid-phase molecules with a well-defined molecular symmetry. [4] As shown in this figure, at higher excitation, only the broad photoluminescence band at 498 nm is progressively narrowed down to a line width of approximately 3 nm full width at half maximum (FWHM) and its maximum is slightly blue-shifted to 495 nm. Figure 3 represents the self-waveguided light emission peak intensity and their FWHMs as a function of the incident laser fluence. When the incident laser fluence is increased, the emission peak intensities exponentially grow, accompanied by the narrowing as shown in the figure. Therefore, we conclude that the narrowing is caused by gain-narrowing, namely, ASE. [10] [11] [12] Reflecting the fact that the crystal of BP1T is ab-platelet, [9] the transverse magnetic (TM) modes are dominant with no correlation in excitation laser fluence. This TM dominance is also the case with all the other samples investigated (see Table 1 ).
As another example of the induced self-waveguided light emission, related spectra from an AC5 single crystal are represented in Figure 2 Thus, the self-waveguided ASE is again evident. Table 2 summarizes the results of laser induced self-waveguided ASE characteristics.
The threshold for the self-waveguided ASE of the BP1T single crystal was estimated to be 27 μJ/cm 2 as presented in Figure 3 . This was defined from the incident laser fluence as the halfway point from fluorescence to the completely narrowed ASE.
This threshold fluence can be converted to the threshold peak power density of 54 kW/cm 2 by dividing the said fluence by the pulse duration (500 ps) of the excitation laser. This threshold is extremely low compared with those for as-synthesized crystals (ca. 500 μJ/cm 2 ) and melt-recrystallized solids (150 μJ/cm 2 ) reported previously regarding the same material. [3, 4] The low threshold demonstrated in the present studies reflects the high quality and transparency encompassing the whole crystal and is a consequence of an efficient confinement of self-waveguided lights. Correspondingly, the gain length is expected to be two or three orders of magnitude longer at the same incident laser fluence than that for the as-synthesized small crystals. [13] Note that the as-synthesized crystals are of several tens of μm in size. The following is additionally worth mentioning: In both the cases of the as-synthesized and melt-recrystallized materials of BP1T and AC5, we pointed out previously that whereas two lines were gain-narrowed at once in some cases, in other cases either of those two was preferentially gain-narrowed according to the individual measurements. [3, 4] We sought the origin from the difference either in size or in texture of the crystals or melt-recrystallized materials. In this context only one line is reproducibly gain-narrowed at the same position in the present studies. This is probably the case with the single crystals of large size that also produces the large gain length.
In conclusion, we described the improved crystal-growth technique for organic semiconductor materials and interesting aspects of the ASE. The improved technique provided large plate single crystals of several mm to ~ 1 cm in size, and the prepared single crystals exhibited self-waveguided ASE. The observed ASEs with a relatively small threshold result from excellent optical properties of the crystals (e.g. a high transparency, low light-scattering, an efficient confinement of self-waveguided lights, etc.).
Experimental
The synthesis and purification methods of the materials can be seen elsewhere. [14] The procedures of the crystal growth are as follows: (i) The material was put inside a glass tube (10 cm in length and 3 cm in diameter) and the tube was molten and
narrowed near the open edge. The tube was evacuated, replaced with dry argon, and then sealed near that edge. The pressure of the argon gas was regulated such that the 6 temperature during the crystal growth could be ~ 1 atm.
(ii) This apparatus was placed on a hot plate and the temperatures of the plate were appropriately adjusted according to the difference in the materials. The temperatures were monitored on the hot plate close to the position at which the apparatus was in contact with the plate, and monitored on the top of the apparatus, too. Normally, the temperature was held just below the melting temperature of the material. (iii) The apparatus was covered with an aluminum foil and the crystals typically of several mm were generated in ~20 h.
The optical and fluorescence microscope observations were performed using a digital microscope (Keyence, VH-8000), and the polarized micrograph was taken with OPTIPHOT-POL (Nikon). An N 2 -gas laser that generated a light pulse of 500-ps-duration at 337 nm at a repetition rate of 10 Hz was used as an excitation light source for the gain-narrowing experiment. The excitation laser light was normally incident to the crystal face, focusing on about 1 x 3 mm 2 in size at that face. Lights Table 1 Growth conditions for the materials.
